ABSTRACT Designing electro-textile antenna requires complex analysis as the material cannot be simply modeled as a conventional antenna with perfect metallic surface. Electro-textile has relatively lower conductivity compared with an ideal conductor. Due to its inhomogeneous and unique thread structure, exact conductivity, σ c , is difficult to be determined, which will result in inaccurate modeling during antenna designing. Significant deterioration in antenna efficiency can be observed when low conductivity element is used, and thus, accurate determination of bulk conductivity for customized electro-textile shall be performed. Previously, a strip-line method was proposed, and however, the reliability of the technique in correlation with material's loss characteristics was not clarified. Furthermore, the practicality of the technique for higher frequency, such as ISM band, was not demonstrated. In this paper, the validity of the technique for lossless, low-loss, and high-loss materials for 2.45-GHz wearable application is clarified. A more practical and straightforward equation to calculate electro-textile's bulk conductivity is derived, and the accuracy and reliability range of the equation is demonstrated through comprehensive electromagnetic simulation. Through analysis, the correlation between σ c , dielectric loss and attenuation loss is shown. For validation, two samples that consist of two conductors, namely copper and SHIELDIT, are fabricated on a low-loss RO5880 substrate. The σ c values of the conductors are calculated from transmission loss (S21) measurement. Good agreement of σ c is obtained for both cases, particularly when the actual σ c is within the threshold range of around 10 7 S/m. INDEX TERMS Electro-textile, textile antenna, wearable antenna, conductivity.
FIGURE 2.
Electro-textile that consists of 82.9% copper and 17.1% polyester.
various techniques such as embroidery, stitching, ironing or gluing. The main drawback of the conventional design or offthe-shelf conductive fabric is the sustainability issue, where the antenna can be easily detached from the fabric after being washed or worn for many times [6] . Due to this issue, the authors have recently developed a more stable fabric that is more structurally practical and comfortable as illustrated in Figure 2 [7] . The electro-textile (e-textile) shown was developed 82.9% out of copper thread as the main conductor and 17.1% out of polyester thread as the base material to support the structure. This composition resulted in lower overall conductivity σ c of the material due to the reduced element of copper as the main conductor, thus may affect the efficiency of the wearable antenna [8] , [9] . Electro-textile has inhomogeneous structure which makes it difficult to be modeled accurately in antenna designing software, hence the representation of e-textile is simplified to the defined bulk conductivity. Therefore, an accurate characterization method, specifically in the measurement of σ c for a customized textile material is very important to ensure accurate antenna design for wearable application.
A number of works on characterizing new textile materials have been done previously. Characterization of e-textiles at ultra-high frequency (UHF) has been done in [10] through wireless reflectometry technique. However, due to the limitation of the proposed technique, only sheet resistance values can be obtained and specific work on extracting fabric conductivity σ c was not shown. Measurement of σ c in low frequency has been done previously [8] , [11] through current-voltage (I-V) curve plotting to obtain the resistance R and therefore can be used to calculate the σ c . In this method, the σ c value is measured based on the current flow and the DC voltage applied to it and not related to operational frequency. Thus, this method is less accurate for designing microwave devices because the dependability on operating frequency and skin depth were not taken into consideration.
Two-port transmission-reflection technique was adopted in [12] to determine σ c for electro-thread but, the accuracy of the method for electro-textile was not clarified. Due to the inhomogeneous thread arrangement in actual electrotextile, the effectiveness of the method shall be validated through more experimental works. In [13] , the effects of σ c to antenna efficiency was characterized through measurement, and based on the study, radiation efficiency is highly affected by not only σ c , but also operating frequency, thickness of material and whether the antenna is located in free-space or on a human body. However, specific work on determining the σ c was not presented in the paper.
The most related work is shown in [14] , where two-port strip-line method is demonstrated as the most promising technique, but the analysis and experimental works shown were based on low frequency operation of around 160 MHz, which is insufficient to be adopted for ISM application operating at 2.45 GHz. The calculation of σ c was based on the assumption that the material is lossless (ideal) and that hypothesis was embedded in the formulation to extract the bulk resistance R parameter from the measured scattering parameter, S21 data. However, the correlation of the material's loss properties to the reliability of the proposed technique was not investigated.
This paper describes a more detailed analysis on the reliability of two-port strip line method in determining the bulk conductivity σ c of new conductive textile materials through a proposed expression. Based on transmission line concept, the bulk resistance R and conductivity σ c data can be obtained through scattering parameter S21 and the performance at resonant frequency of 2.45 GHz can be monitored through the relation between R, S21, sample length l and impedance of the sample Z o . To ensure the accuracy of the method, the σ c of known conductors such as copper and off-the-shelf conductive textile called SHIELDIT TM fabricated on low-loss substrate (Rogers RO5880) and high-loss substrate (polyester) are determined through simulation and lab measurement. A comparison was also made with ideal case where material used is lossless. For all cases, the σ c was calculated based on the equations derived from equivalent model of transmission line, which took into account the transmission loss performance, measured from S21.
II. THEORETICAL ANALYSIS OF TRANSMISSION LINE IN RELATION TO MATERIAL PROPERTIES
In this paper, the accuracy of the two-port strip line method for radio frequency application is clarified, and the reliability of the method is validated through comparison between lossless, low-loss and high-loss materials. Dependency of electro-textile performance to losses was also studied through consideration of loss tangent (tan δ) and low conductivity condition (σ c ≤ 10 6 S/m). Figure 3 shows the workflow of electro-textile characterization validation process.
Based on the flowchart, the works began with finding the formulation to relate σ c with transmission line parameters such as γ and S21. Simulation data was used as the preliminary indicator of the accurateness of the method and formulation. As a benchmark, an ideal lossless material with known σ c was modeled and simulated. Simulation of low-loss materials with known tan δ (Rogers RO5880) was also performed for comparison. Verification of calculated conductivity, σ calc(low−loss) and actual conductivity, σ c was done to compare the accuracy of the proposed formulation and method through analyzing the simulation data. Then, the same process was carried out for high-loss condition by using an actual electro-textile model integrated on polyester substrate with high dielectric loss characteristic. Reliability range was observed for all cases and verification was done through fabrication and measurement of two samples of known σ c . At the end, a precise characterization technique was validated for electro-textile with known reliability range and can be implemented for other flexible materials. Figure 4 shows a transmission line model that consists of conductive layer at the top and non-conductive layer at the bottom. During operation, signal is excited at port 1 and a 50 termination load is connected at port 2. To describe a transmission line concept, two fundamental parameters; propagation constant γ and characteristic impedance Z o are used, and the relation is shown by established equation (1) and (2), where α is the attenuation constant, β is the phase propagation constant, R o is the resistance and X o is the reactance [15] .
A. BEHAVIOUR OF ELECTRO-TEXTILE IN TRANSMISSION LINE STRUCTURE
Based on the equations and the relation between scattering parameters (S-parameter) derived in [15] , for a transmission line of length l, the transmission loss S21 can be represented in terms of e −γ l as in equation (3):
Meanwhile, propagation constant γ consists of four main parameters; resistance per unit length R( /m), inductance per unit length L(H/m), conductance per unit length G (S/m) and capacitance per unit length C (F/m). The conductivity of copper σ c in S/m is related to R as shown by equation (4) and the conductivity of substrate σ s is related to G by equation (5) [15] :
where δ is the skin depth, w is the width of conductive line and h is the thickness of substrate. Other parameters such as L and C are derived from other geometrical and physical properties of the conductive or non-conductive material that are not related to conductivity parameters [15] . Based on the theoretical equations and the relation between γ and R, L, G and C, it can be observed that all equations can be generalized and simplified to determine the exact copper conductivity σ c of a material by using two port transmission line structure and technique.
The theoretical behavior of a transmission line can be demonstrated and analyzed through simulation performed by using comprehensive electromagnetic solver called CST. In simulation, CST transient solver employing Finite Integral Technique (FIT) was used. Here, the formulation is based on voltage and current calculation over finite meshes. Therefore, more parameters are taken into account and more accurate data is obtained compared to theoretical calculation. For calibration purposes and to observe the effects of copper conductivity σ c to a material, simulation of a conductor on a low-loss material was carried out for various values of σ c . This simulation was done as a reference to ensure the accuracy of that technique to be adopted for e-textile electrical property measurement. Table 1 shows the details of an ideal (non-fabric) two-port transmission line simulation model. During simulation, the conductive layer was represented by pure copper with various conductivity (σ c = 5.96×10 −2 S/m to 5.96 × 10 10 S/m) and the insulated layer was represented by low-loss dielectric substrate, Rogers RO5880. The line width w was designed according to 50 impedance value to minimize any unwanted mismatch that could affect the transmission loss readings. The return loss S11 and transmission loss S21 data simulated at 2.45 GHz were recorded and plotted in a graph. Figure 5 shows the correlation between σ c with regards to S11 and S21 performance, obtained through simulation.
In the simulation, all types of losses including conductive loss and dielectric loss were taken into consideration. Based on this graph, it can be observed that for a sample with σ c higher than 10 2 S/m, the S21 performance is consistent with S21 ≤ −3dB, however, when σ c is lower than 10 2 , the S21 performance starts to degrade significantly especially when it is changed over multiplication of 10 n , where n = ±1, 2. For S11, −10dB was set as the threshold.
The S11 is acceptable from σ c = 10 onwards, however, for lower σ c region, significant impedance mismatch occurred. Thus, it can be observed from this phenomenon that copper conductivity σ c will greatly influence the whole performance of an antenna specifically on the return loss, S11 and gain performance, which can be predicted based on the S21 behaviors. For the sample with low σ c , higher conductive loss was expected thus, S21 shows poor performance. The exact relation between σ c and S21 is analyzed further in the next section.
B. CORRELATION BETWEEN ATTENUATION CONSTANT AND CONDUCTIVITY
Attenuation constant, α is related to scattering parameter S21 as the real part of γ [15] , [16] , where the S21 can be simplified as shown in equation (3) . To derive a direct relation between α and σ c , a more simplified form of theoretical α th written in terms of angular frequency ω is shown by equation (6), where R is the only parameter that includes the main property of conductive layer σ c :
Here, K is a user-defined parameters as shown by equation (7):
Previously in [14] , the calculation of σ c was based on the assumption that the sample is lossless where tan δ = 0 and thus, the conductance G = 0 S/m and the conductivity of substrate σ s = 0 S/m. When the assumptions were used, bulk resistance R was simplified to equation (8) based on α = R/2Z o [14] :
If this assumption is adopted in this work, the value of σ s used in calculation of G will be ignored. Therefore, to understand the fundamental characteristics of conductive textile and due to its unique structure, all parameters were included and analyzed. To ensure the accuracy of equation (6), the theoretical α th is compared with simulation data by using equation (9) where S21 is the transmission loss obtained from two-port transmission line simulation.
20l log 10 e (9) Figure 6 shows the comparison between α th calculated from equation (6) and α sim obtained through simulation data and equation (9) . Based on this graph, when G is negligible, the α th equals to R/2Z o . However, through observation of simulation data where all parameters including tan δ were considered, the results of α sim agree very well with the theoretical value α th when G is included. A small difference was observed at lower conductivity region, where σ c was between 10 −2 to 10 2 S/m (threshold point). The small difference, as illustrated by the dotted line was due to the limitation of the theoretical equation that was entirely based on the geometrical, electrical and physical properties of the dielectric substrate and copper materials, and not influenced by impedance mismatch issues.
This finding is very important as it shows that the assumption adopted in [14] is only valid for lossless material and low-loss material having σ c ≤ 10 7 S/m. Some materials such as textile is known to have high tan δ value thus, specific simulation model has to be created to analyze the issue. Based on the dependability of σ c to R and α th , the determination of electro-textile conductivity through transmission line technique seems feasible as the σ c is expected to be within the range of 10 2 to 10 7 S/m. However, the accuracy and the reliability of the characterization process for high-loss materials like electro-textile fabricated on polyester or cotton shall be verified further.
III. DERIVATION OF CONDUCTIVITY FORMULATION AND VERIFICATION THROUGH SIMULATION DATA FOR LOSSLESS MATERIALS
Based on Figure 5 , it is clarified that copper conductivity σ c has significant impact on antenna performance especially when the σ c is very low e.g. σ c < 10 2 S/m. For lossless condition, equation (6) is simplified by neglecting G and converting L, C and R according to their physical parameters defined in [15] . A more practical and straight-forward form to calculate the conductivity of a material, σ calc is derived and proposed as follows:
where ε is material's permittivity and µ is material's permeability. In order to validate the equation, calculation of σ calc shall be performed by taking simulation data α sim(low−loss) and comparing it with the actual σ c values. Figure 7 illustrates the graph of copper conductivity values σ calc(low−loss) calculated by using the proposed equation (10) and comparison with the actual values σ c of 13 line samples. Based on the comparison, for lossless condition (tan δ = 0), the conductivity parameter calculated by using the S21 data from simulation agrees very well with the actual σ c loaded in the simulation file. This shows that the proposed equation is valid for lossless material. However when small loss is introduced (tan δ = 0.0009), equation (10) is still acceptable for σ c ≤ 10 7 S/m, but no longer valid for σ c ≥ 10 8 S/m. This is due to the absence of parameter G in the equation. Hence, the σ s , which is directly proportional to tan δ is neglected [17] , [18] . At lower range, a small difference was observed between the simulated data and the actual data. The difference is due to the presence of other losses such as reflection loss that was not taken into consideration in the theoretical formulation.
In the formulation, it was assumed that the transmission line perfectly matched with the ports. Through this graph, it is clarified that the proposed equation (10) is accurate in determining the value of conductivity of an electro-textile material fabricated later on in this research, provided that the material's conductivity must be around σ c ≤ 10 7 S/m. This threshold level is consistent with the α shown in Figure 6 . Electro-textile and other conductive textiles are known to have low conductivity (around ∼10 3 to 10 6 S/m) therefore, this method is clearly a good alternative for IV-curve measurement conducted for general electronic devices, because in this technique the correct operating frequency is applied and the changes can be accurately analyzed through scattering parameter, S21 where all parameters such as L, C and R are taken into account, and not only resistance R.
IV. SIMULATION MODEL AND ANALYSIS FOR HIGH-LOSS ELECTRO-TEXTILE
Previous section has shown that the technique is applicable for lossless and low-loss materials having low conductivity properties (∼10 7 S/m or below). However, electro-textile and some flexible composite materials for wearable antennas sometimes have a very lossy characteristic where the loss tangent, tan δ is very significant and cannot be neglected. Tan δ is directly proportional to conductivity of substrate σ s thus, a huge increase in tan δ may affect the σ s significantly hence have great impact on G and the α or S21.
This section demonstrates the feasibility of the proposed technique for electro-textile sample. A similar method was carried out to validate the accuracy of this technique, which was by performing detailed simulation of electro-textile for various conductivity σ c and analyzing the performance with respect to the changes. Here, the dielectric properties of a polyester sample (as the non-conductive layer) were measured prior to performing the simulation to ensure that the feasibility analysis is assessed according to the actual sample fabricated in [7] . Based on measurements, the nonconductive sample, polyester was found to be very lossy (tan δ = 0.031) and the dielectric constant was very low (ε r = 1.36). Table 2 shows the simulation parameters for the electro-textile model. Figure 6 . However, in e-textile condition, the loss tangent was very high that it affected the attenuation constant α very significantly. By taking into account tan δ = 0.031, the graph reach saturation level at σ c ≥ 10 4 S/m, which was lower than in RO5880 where the threshold was at 10 7 S/m. As predicted based on Figure 8 , the conductivity calculated by using equation (10) for low-loss and high-loss cases, denoted by σ calc(low−loss) and σ calc(lossy) respectively can be demonstrated as in Figure 9 , where the inconsistency of e-textile material is observed from σ c ≥ 10 4 S/m, meanwhile for lowloss, it is from σ c ≥ 10 7 S/m.
Based on this observation, it is clear that as the loss tangent is higher for any materials, irrespective of its copper conductivity, the reliability of the sample to adopt two-port transmission line technique for its determination of σ c is lesser. At very high σ c , the magnitude of resistance for conductive layer is low (almost 0), thus the resistance from substrate becomes very significant and cannot be neglected. On the other hand, when σ c is low, the resistance of conductive layer is high so both resistance from copper and substrate layer contributes towards the bulk resistance of the sample. Hence, based on this analysis, it is proven that the assumption of α = R/2Z o [14] is not applicable for all conditions. However, as observed from these two conditions, there are two determining factors that define the reliability and accuracy of the method; dielectric loss and sample's conductivity. In order to employ this technique for characterizing electro-textile, the test sample with expectedly higher σ c shall be fabricated on low-loss substrate as the threshold level is higher. On the other hand, test sample with low σ c (lower than the saturation level) may use low-loss or high-loss substrate, but, low-loss substrate is still advisable so as to minimize other uncertainties such as non-ideal measurement condition. Table 3 summarizes the comparison between the proposed formulation and the previous works done in determining the conductivity of the conductive textile materials. Based on this table, reliability of the strip-line method [14] with the derived equation is clarified in this paper subjected to the threshold range for various material properties. The accuracy of the method for materials with different loss characteristic is validated further through measurement works in section V.
V. MEASUREMENT OF TEXTILE CONDUCTIVITY BY USING TWO-PORT STRIPLINE TECHNIQUE
In order to validate the accuracy of the technique, measurement of test samples with known conductivity VOLUME 6, 2018 such as pure copper (Cu) and off-the-shelf electro-textile called SHIELDIT TM was performed. At 2.45 GHz, the SHIELDIT TM fabric has a conductivity of σ c =∼1.18 × 10 5 S/m [13] . Table 4 shows the characteristics of test samples that were fabricated. Due to the high-conductivity characteristic of both conductors, substrate with very low loss was used to ensure higher threshold range. Therefore, sample 1 and 2 were fabricated on Rogers RO5880 that has dielectric constant, ε r of 2.2 and loss tangent, tan δ of 0.0009. Figure 10(a) shows the structure of a transmission line with 0.035mm thick pure copper as the conducting part and Rogers RO5880 as the substrate (non-conducting), fabricated by using PCB prototyping machine. This structure was fabricated to represent an ideal, rigid non-textile sample as a comparison to textile-based sample. Figure 10 (b) illustrates sample 2, where SHIELDIT TM is used as the conducting part, and Rogers RO5880 is used as the substrate. All structures were designed to have 50 port-matched impedance, represented by the width of the line, w.
FIGURE 11.
Comparison between transmission loss (S21) obtained from simulation and measurement at 2.45GHz. Figure 11 shows good agreement between measured and simulated data of transmission loss (S21) and attenuation constant (α) for sample 1 and sample 2, obtained at 2.45GHz. For sample 2, only a small deviation between simulation and measurement is observed, which was due to the fabrication inaccuracies i.e. manual cutting and assembly of fabrics. Furthermore, electro-textiles have lesser dimensional stability and consistency as compared to metallic conductor [14] . Figure 12 presents σ c values calculated based on simulation and measurement data by using the proposed equation (10) . There are two (2) unique scenarios to be analyzed from this graph; high σ c -low loss (sample 1) and moderate σ c -low loss (sample 2). For sample 1, the situation is as predicted where the σ c obtained through measurement is close to the simulation curve and only small deviation is observed. This is consistent with the analysis done previously in Figure 7 (section III) for σ c ≥ 10 7 S/m by taking into account the assumption and simplification made in the proposed equation. Similarly, for sample 2, the argument is applicable and smaller deviation is observed due to the smaller conductivity of SHIELDIT TM sample which is less than the saturation level defined in Figure 7 for low-loss substrate. Based on previous section, it was shown that when low-loss material is chosen, the threshold level for equation (10) 's reliability is around σ c = 10 7 S/m or less. Thus, for SHIELDIT TM having σ c of ∼10 5 S/m, the calculated σ c for both measurement and simulation are very close to the actual value. Hence, it is recommended that for materials with higher than 10 4 S/m, low-loss substrate e.g. Rogers RO5880 shall be used in determining the sample's conductivity to ensure reliable data. Furthermore, when low-loss substrate is used, other measurement uncertainties can be minimized.
VI. CONCLUSION
The correlation between dielectric loss and attenuation constant to material conductivity was analyzed systematically in this paper. Here, a more practical and straightforward equation for determining the electrical conductivity of electro-textile was proposed and the reliability range and accuracy of the equation for many conditions were clarified. Simulation data was analyzed to represent the close-to-real model and measurement of two known conductive materials (copper and SHILEDIT TM fabric) fabricated on low-loss substrate was conducted for verification. Good agreement of conductivity value was obtained by using the derived equation, especially when the actual conductivity was within the threshold range. Hence, for a customized electro-textile material, this method and the proposed expression can be applied to determine the electrical conductivity however, the sample is recommended to be fabricated on low-loss substrate to enhance the accuracy. 
